Abstract-A novel refractive index (RI) sensor has been demonstrated based on a simple dual-wavelength fiber ring laser by incorporating two fiber Bragg grating (FBG) filters. The grating filters are made of two FBGs with different cladding thicknesses. By inserting the filters into the fiber ring cavity, a stable dual-wavelength fiber laser can realize at room temperature. The cladding-etched FBG (thinned) acted as the RI sensing elements, while the normal one as temperature reference. As the RI increases, the laser wavelength corresponding to the thinned FBG moves toward longer wavelength, while that corresponding to the normal FBG is unchanged. Then, RI changes can be determined by measuring the separation of the two lasing wavelengths. Moreover, compared with the conventional thinned FBG-based sensors, the fiber laser sensor has a narrow bandwidth, which is beneficial to high precision sensing. The RI measurement resolution of proposed sensor is about 1.44 × 10 −5 RIU.
I. INTRODUCTION
R EFRACTIVE index is the most fundamental parameter for process control in biological, food, and chemical industry [1] . High-quality RI sensing is very important in these applications, which also have extensive applications in manufacturing industries and protection of environment. Fiber optic RI sensors have been extensively investigated recently due to their potential applications and their distinctive advantages over traditional RI sensors, such as high sensitivity, miniature size, and immunity to electromagnetic interference [2] , [3] . Many types of fiber-optic RI sensors have been demonstrated via etched FBG [4] , [5] , long-period grating [6] , microfiber interferometers [7] , in-line fiber interferometers [8] , and Fabry-Perot interferometers [9] . Although these methods can provide high sensitivity measurements, the full-width at halfmaximum (FWHM) of the typical spectra are relatively wide, which decreased the RI measurement resolution and affects the detection accuracy [5] , [10] , [11] .
Due to its high output power, low insertion loss and narrow line-width, fiber ring lasers have attracted great interest because of their potential applications in optical fiber sensing, high-resolution spectroscopy, optical communications. Recently, fiber ring laser-based RI sensor is a good candidate for high precision sensing applications. FBGs are suitable for many parameters sensing, including RI [12] . As RI sensors, they usually need to be chemically etched to enhance the interaction between the surroundings and the optical field [13] , which significantly increases the FWHM and limits the measurement resolution of the sensors. Additionally, the reflected power of thinned FBG will decrease with the increasing surrounding RI (SRI), which will make the discrimination of the wavelength shifts more difficult. In order to avoid reducing the measurement resolution of the thinned FBG-based RI sensors, the combination of fiber ring laser and thinned FBG is a simple and efficient method. The thinned FBG can function as a filter in fiber ring laser cavity and also can be used as a sensitive element. In this paper, we propose and demonstrate a RI sensor based on a simple dual-wavelength fiber ring laser incorporating two fiber grating filters which consist of fiber Bragg gratings with different cladding thickness, respectively. By inserting the FBGs into the fiber ring cavity with 8m Erbium-doped fiber (EDF), we realize a stable fiber ring laser at room temperature. Experimental results show that the fiber ring laser is very stable, the laser wavelength corresponding thinned FBG has a red wavelength shift with an increasing SRI, which give rise to reduce the separation of the two lasing wavelengths. By interrogating the separation of the two lasing wavelengths, we can calculate the evolution of the SRI. In addition, the proposed fiber ring laser has a narrow bandwidth, the corresponding RI measurement resolution is about 1.44×10 −5 RIU.
II. EXPERIMENTAL SETUP
A fiber ring laser, as schematically illustrated in Fig. 1 , is constructed to demonstrate as a RI sensor. To investigate the lasing and sensing properties of the fiber ring laser, a section 1558-1748 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
of EDF (1530nm absorption coefficient: 7dB/m) with a length of 8m was used as the gain medium. The laser was pumped using a 980nm wavelength laser diode with a maximum pump power of 22dBm. The pump light was coupled into the fiber loop through a 980/1550nm fiber wavelength-divisionmultiplexer (WDM). A 10/90 fiber coupler was used to tap out the laser light for wavelength monitoring. The 10% output port of the coupler was connected to an optical spectrum analyzer (OSA, AQ6370D), where the laser spectrum was continually recorded.
In order to achieve two lasing wavelength, a variable optical attenuator (VOA) was selected to adjust the loss equalization in the cavity. Meanwhile, two polarization controllers were used to reduce the wavelength competition in the homogeneously broadened gain medium to enhance the polarization hole burning effect [14] . The two FBGs can function as the wavelength-selective component in fiber ring laser cavity, and the two lasing wavelength correspond to the two Bragg wavelengths. Simultaneously, the thinned FBG and the normal one can be used as a RI sensitive element and a reference element, respectively. And the laser wavelength corresponding thinned FBG will shift with SRI evolution, while there was no obvious wavelength change for the lasing wavelength corresponding normal FBG. Ultimately, the separation of the two lasing wavelength changed with the increase of the RI, RI sensing can be realized by measuring the separation of the two lasing wavelengths.
The Bragg wavelength λ B for core-core mode coupling is given by [15] λ B = 2n ef f (1) where n eff is the effective refractive index of the core mode, is the grating pitch. As the cladding diameter reduces, the interaction between the surroundings and the optical field will be enhanced. Since the effective RI of the core mode depends on the external RI. Especially, when the thinned FBG is subjected to external RI perturbation, the Bragg wavelength will shift. SRI changes can be detected and evaluated by measuring this Bragg wavelength shift. The lasing wavelengths of the dual-wavelength fiber laser are determined by the two FBG filters, and the thinned FBG is sensitive to the SRI. To demonstrate RI sensing capability, the thinned FBG was immersed into sucrose solutions with different RIs from 1.3330 to 1.4419.
III. RESULTS AND DISCUSSION
The production and operation sequence of the proposed fiber ring laser-based RI sensor includes three sections. First, the thinned FBG was fabricated by chemically etching. Then, the RI responses of the thinned FBGs should be checked and verify to demonstrate the RI sensitive capability of the thinned FBG. Finally, the thinned and normal FBG were inserted into the fiber ring cavity to form the fiber ring laser, and RI sensing was implemented by using this fiber ring laser.
A. Etching Process
As mentioned above, the thinned FBG can be considered as a RI sensitive element, and in order to determine the Figure 2 shows the Bragg wavelength evolution versus etching time. As the etching time increases, there are obvious wavelength shift. As shown in Fig. 2 , the Bragg wavelength has significant redshifts until 115 minutes. For 0 to 115 minutes, the Bragg wavelength showed red shift and the total wavelength shift was up to 0.3nm; the red shift is induced by generation of heat caused by chemical reaction of HF with silica glass. Meanwhile, during the thinning process, the change in strain also can lead to the red shift slightly [16] . From Fig. 2 , the wavelength evolution is faster when the etching time exceeds 115 minutes, and there is an abrupt blue shift of the Bragg wavelength at 115 minute. The blue shift can be attributed to the change of effective refractive index caused by cladding diameter reduction [17] . Finally, after 145 minutes etching, a thinned FBG with a 13μm diameter was obtained, and the average etching rate of fiber in HF solution is about 0.77μm/min. The central wavelength and FWHM of the thinned FBG is 1556.51nm and 0.2nm, respectively. It is shown that there are significantly change in central wavelength and bandwidth, the central wavelength moves towards shorter wavelength and the bandwidth increases with the increasing etching time.
B. RI Responses of the Thinned FBGs
To determine the appropriate diameters and understand the influence of the diameter on the RI sensitivity, we experimentally investigated the RI sensing of the thinned FBGs with different diameters. Sucrose solutions with different concentration are prepared as the RI samples and the RI of the solutions was varied from 1.3330 to 1.4419. In the experiment, the thinned FBG was immersed in the RI liquid sample and the reflection spectrum is recorded by the OSA. Figure 3 presents the RI characteristics of the thinned FBG with 12μm, 15μm and 18μm diameters. Fig. 3 shows that as the SRI increases, the Bragg wavelengths shift toward the longer wavelengths, when the RI varied from 1.3330 to 1.4419. And there are obvious different wavelength shift ranges for thinned FBG with different diameters. According to Fig. 3 , the wavelength shift is dependent on the fiber diameter; the FBG with thinner diameter is more sensitive to SRI. The result is agreement with the numerical analysis that has been reported in [18] . Moreover, the RI sensitivity increase rapidly with the increasing external RI, which is expected as fundamental mode field extend further into the surrounding medium, and mode field interacts with the surrounding medium. The experimental verification demonstrated that the thinned FBG can be used as a high-sensitivity RI sensitive component.
C. RI Sensing Using Laser Sensor
The output spectra of the dual-wavelength laser are shown in Fig. 4(a) . We observed that the dual-wavelength laser operates at the wavelength of 1541.87nm and 1542.91 nm. And  Fig. 4(a) shows the laser output spectrum with an output power of −20dBm, very high SNR of 60dB, and 3dB bandwidth less than 0.015nm, which is beneficial to high precision sensing. From Fig. 4(a) , the lasing wavelength determined by the Bragg wavelength of two FBGs, and the thinned FBG is sensitive to the SRI. By changing the SRI, the laser wavelength associated with the thinned FBG will shift due to the tuning of the Bragg wavelength. During test, the temperature around the FBGs is maintained at 20°C. The measured laser output spectra with different SRI are shown in Fig. 4(a) . From this figure, as the RI increased from 1.3330 to 1.4419, the laser wavelength associated with the sensing FBG moved toward longer wavelengths as the SRI increased and a laser wavelength shift of 0.593nm was achieved, while the laser wavelength corresponding to the reference FBG was largely unchanged. In addition, the output laser peak powers are independent on the RI of the medium. Figure 4 (b) shows the wavelength separation of the dualwavelength laser as a function of the SRI, which varied from 1.3330 to 1.4419. The relationship between the wavelength separation and the SRI exhibited nonlinear behavior, and the wavelength separation decreased rapidly with the increasing external RI. As shown in Fig. 4 , when SRI increases from 1.3330 to 1.4419, a total of 0.593nm wavelength separation change were observed. The experimental results indicated that the maximum sensitivities is 12.42nm/RIU when RI changes from 1.4200 to 1.4419, and the resolution of the RI measurement is estimated to be 10 −5 and 10 −4 at 1.42 and 1.34 RI, respectively [19] . As the lasing wavelength shift, there is no distortion of the spectrum, and the output power is relatively constant within this region. In addition, due to the central wavelength correspond to the lasing wavelength, we obtained the numerical results by calculating the RI response of the thinned FBG, and the experimental values for the wavelength shifts with RI are in good agreement with theoretical results.
To demonstrate that the dual-wavelength fiber laser-based sensor possesses higher RI measurement resolution than conventional thinned FBG, we compared the RI responses of the thinned FBG with that of fiber ring laser-based sensor. Figure 5 presents the spectra of thinned FBG and laser output versus SRI changes. When the SRI increased, the spectra of the thinned FBG and laser output uniformly shifted toward the longer wavelength. According to the theory of measurement, the figure of merit (FOM) of a sensor is defined as: Where S λ is the RI sensitivity, δλ is the bandwidth of sensor spectrum. The figure of merit is an important indicator to objectively evaluate the performances of sensors. And the RI sensor with higher FOM will show superior RI resolution capability. It can be clear that the FWHM of the conventional thinned FBG is about 0.2nm which is 10 times wider than that of fiber ring laser, and from Fig. 3 and Fig.4 , the RI sensitivity of thinned FBG is close to that of this laser-based sensor. Therefore, with the high SNR and narrow laser linewidth, the laser sensor can work as a RI sensor and has better FOM as well as a lower detection limit than the thinned-based sensor [19] . In addition, from Fig. 5 , we can find that the flattop feature of the reflection spectra of the thinned FBG will cause the deviation between the original observed data and the actual wavelength shift. Compared with the thinned FBG, the laser sensor exhibits narrower FWHM, which is desirable for high accuracy wavelength measurement.
In practical applications, the stability is an important issue for many RI sensors. As illustrated in Fig. 6 , we investigated the stability of the output of the fiber ring laser. The maximum output intensity fluctuation was less than 1.3dBm within 20 minutes, which demonstrates the output intensity is constant during RI testing. This conclusion demonstrated that the stability of the output of the fiber ring laser meets the detecting requirements of the demodulation system during RI measurement. Thus, the output intensity fluctuation can be ignored during RI measurement.
IV. CONCLUSION
To summarize, we experimentally demonstrated a RI sensor based on a simple dual-wavelength fiber ring laser incorporating a dual-FBG filter. We fabricated a dual-wavelength fiber grating filter with normal FBG and thinned FBG combination. By inserting the dual-FBG filter into fiber ring cavity with 8m EDF, we realize the stable dual-wavelength fiber ring laser at room temperature. As the SRI increasing, the laser wavelength corresponding thinned FBG moved towards longer wavelength, which give rise to reduce the separation of the two lasing wavelengths. Therefore, the RI sensing is completed by measuring the separation of the two lasing wavelengths. Compared with the conventional thinned FBG-based sensors, the proposed fiber ring laser has a narrow bandwidth. The corresponding RI measurement resolution is about 1.44 × 10 −5 RIU. Future work will be focused on sensor optimization to enhance sensor performance, and verify this sensor's temperature response to demonstrate the selfcompensation. Furthermore, it is an effective solution to realize high-accuracy RI measurement by integrating the beat signal technique.
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